Introduction
Charmonium spectroscopy above the open charm DD threshold has aroused intense interest recently [1, 2] . In particular, the search for the charmonium states has captured much attention as the widths of these states are expected to be narrow. The decays of the states are also forbidden by energy conservation. In fact, the observation of the radiative decays of these D charmonium states is an important component of the planned PANDA experiments at FAIR [3] , which study charmonium spectroscopy in p p annihilation.
In a previous paper [4] , it is shown that by measuring the combined angular distribution of the two photons and of the electron, regardless of their polarizations, in the sequential decay process originating from unpolarized p p collisions, namely, written as sums of terms involving products of the Wigner functions whose arguments are the angles representing the directions of the final electron and of the two photons. The coefficients in these expansions are functions of the angular-momentum helicity amplitudes, which contain all the dynamics of the individual decay processes. We stress that our expressions are independent of any dynamical models and are based only on the general principles of quantum mechanics and symmetry. This is important because we can then learn about the true dynamics of the charmonium system from the decays of the charmonium states.
Once the combined angular distribution of 1  , 2  and and the polarization of any one of the particles in unpolarized  e p p collisions are experimentally measured, our expressions will enable one to calculate the relative magnitudes as well as the relative phases of all the angular-momentum helicity amplitudes in the two radiative decay processes mentioned above for all values of J. In addition, one can also determine the relative magnitudes of the angular-momentum helicity amplitudes in the process . Our results on the partially integrated angular distributions where the combined angular distribution function of     e e 1  , 2  and is integrated over the direction of one of the three particles are quite interesting. They show that by measuring the two-particle angular distribution of ]. The format of the rest of the paper is as follows: in Sect. 2, we give the calculation for the combined angular distribution with polarization determination of the electron and of the two photons in the cascade process 
. We also present three different results for the combined angular distribution, in which the polarization of only one of the three particles, 1  , 2  and , is measured.
In Sect 3, we present the results for the partially integrated angular distributions in different cases where the combined angular distribution function of the three particles is integrated over the direction of one particle. These results can all be expressed in terms of the orthogonal spherical harmonic functions. We point out how the measurement of these two-particle angular distributions will again give us complete information on all the helicity amplitudes in the two radiative decay processes. Finally, in Sect. 4, we make some concluding remarks. We consider the cascade process,
), in the p p center-of-mass frame
where is a unitary operator corresponding to a pure rotation, usually called "Wigner rotation". Using (12) and the unitarity of
since .
Using the expansion of the two-particle helicity state in terms of the angular-momentum states, we can write the right-hand side of (13) as
where , 
and therefore
In (19) the four-momentum of in the rest frame is given by e 
Combining (19)- (21) we get
The spatial part of the right-hand side of (22) 
D
We emphasize that the angles ( ', ')   of  and ( ", ")   of are directions in the and the  rest frames, respectively. They are not the same as the corresponding angles measured in the rest frame or the lab frame. However, the different reference frames are related to each other through the Lorentz transformation. The equations relating these angles are given in [
]. Using (4), (6), (10) and (15) we can now write the amplitude in (1) as
Because of the C and the P invariances [6] , the angular-momentum helicity amplitudes in (23) are not all independent. We have 
Making use of the symmetry relations of (24) we now re-label the independent angular-momentum helicity amplitudes as follows:
 and or over all the angles,  e ( , ; ', '; ", ")       , is 1. In (27) we sum over the helicities since is not observed. Substituting (23) into (27) and performing the various sums will then give us an expression for the angular distribution function in terms of the Wigner functions. After very long algebra, we get
where ,
and we have used the following normalizations for the angular-momentum helicity amplitudes , , and defined in (26):
In (28) the angle-dependent terms are given by
The arguments of the Wigner functions and in (31) and (32) 
 , which are independent of the angles in (28), are defined as follows:
Since the combined angular distribution in (28) is expressed as a sum of products of the orthogonal Wigner functions, we can obtain the coefficients of the angular functions as
In calculating (37), we made use of the orthogonality relation, 
and on the left side of (37). From these coefficients we can determine the relative magnitudes as well as the relative phases of the and the helicity amplitudes in the radiative decay processes and
, respectively, for the 1 J  and the cases. For the case, there is only one independent helicity amplitude for each radiative decay process and that is fixed by our normalization. We can also obtain the relative magnitudes of the helicity amplitudes in the final decay process for all values of . For example, in the 
where
The coefficients of the angular functions in (39) can be obtained from
where can only take the values 0 and 2. 
The coefficients in (43) can be obtained from
where again can only take the values 0 and 2. 
The coefficients in (47) can be obtained from W ( , ; ', '; ", ") 2 8
Using (35) and (36), the terms inside the braces of (51) can be simplified as
By combining (52) and (51), we now recover the results in [4] , where the polarizations of the decay particles are not measured.
Using (42), (46)  , 2  and and the polarization of any one particle, we can get complete information on the helicity amplitudes in the radiative decay processes and
. In addition, we can also get the relative magnitudes of the helicity amplitudes in the final decay process
Partially integrated angular distributions
The partially integrated angular distributions obtained from (28) will look a lot simpler and we will gain greater insight from them. There are three different cases in which the polarization and the angular distribution of only one particle are measured. We find that these results are just the same as the single-particle angular distribution functions given in [4] , where the polarizations of the individual particles are not measured. So the measurement of the polarizations for the single-particle angular distributions does not give us any further information. Nevertheless, we will find that the measurement of the polarizations of the decay particles can provide us more information on the helicity amplitudes when we measure the simultaneous angular distributions of two particles. We now consider three different cases of two-particle angular distributions. In deriving these results, we will frequently make use of (38) and the following property of the functions.
We will express the final results in terms of the orthogonal spherical harmonics by making use of the relation:
Since there is only one independent helicity amplitude in each of the radiative decay processes and and that is fixed by normalization, we will only concentrate on the and the 
1 J  (only is measured): 
Using (60) 
